ABSTRACT. Cultured vascular endothelial cells were exposed to fluid shear stress by means of a rotary-disc shear-loading device, and the physiological effects of the conditioned medium (CM) and the homogenate (HM) of the cells on migration, adhesion and growth of endothelial cells (EC) or smooth muscle cells (SMC) were studied. Effects of shear stress on the production and secretion of collagen, one of the extracellular matrices of EC, were also studied. CMstimulated the adhesion and growth of SMC,but not of EC themselves. The ability to stimulate SMCadhesion and growth was similar in CMobtained from the static and shear-loaded cells. HM of the shear-loaded EC stimulated SMCmigration. Further, HMof the shear-loaded EC contained increased amounts of collagen compared with the static EC. These results suggest that: 1) ECproduce and secrete accelerators for the adhesion and growth of SMC, 2) EC react to the physical stimulus of fluid shear stress to produce stimulators of SMCmigration, and 3) EC produce collagen, the production of which is enhanced by fluid shear stress.
The vascular wall always sustains the hemodynamic force of the blood flow. Somestudies have shown that such force is a factor which regulates neovascularization and the structure of the blood vessel (12). As for the phenomenon of the vascular diameter increasing with increase in blood flow and decreasing with decrease in blood flow (flow-diameter relationship), this is thought to be an adequate reaction of the blood vessel for maintaining the fluid shear stress on the vascular wall at a constant level (13, 15) . The hemodynamic force is knownto be involved in the onset and development of various vascular diseases besides the physiological phenomenon. Early lesions of atherosclerosis particularly show a characteristic distribution; i.e., the liability of the early lesions to occur at the bifurcations of blood vessels where blood flow changes. From this property, the role of the hemodynamic force in the smooth muscle cell-associated development of atherosclerosis in the early or later stages is increasingly noted (29) .
What directly sustains the hemodynamicforce, shear stress particularly, at the vascular wall is the vascular endothelial cell. Endothelial cells have been conventionally considered to play a passive role as an antithrombotic and antipermeability barrier. In recent years some studies have disclosed that endothelial cells have various active functions: they produce and release vasopresser and vasodilator factors such as endothelin (35), prostacyclin (33), endothelium-derived relaxing factor (EDRF) (25) , and so on, and furthermore produce and secrete platelet-derived growth factor (PDGF)-like substances (5) and extracellular matrices (17). It therefore seems very important for understanding of the physiological mechanism of circulation regulation and morbidity of vascular diseases such as arteriosclerosis to determine the influence of the hemodynamic force on such various functions of the endothelial cell. In this study, to determine the influence of fluid shear stress on endothelial cells and smooth muscle cells via endothelial cells, we applied shear stress to cultured endothelial cells by using a shear-loading apparatus (21) , and studied the physiological effects of the conditioned mediumand homogenateof the cells on migration, adhesion and growth of endothelial cells or smooth muscle cells. Wealso studied the effects of shear stress on production and secretion of collagen by endothelial cells.
MATERIALS AND METHODS
Cell Culture. Endothelial cells of the descending aorta excised from bovine fetuses (ranging in fetal age from 4 to 6 months) were chemically separated with collagenase and subjected to primary culture in M199 medium (GIBCO, U.S.A.) containing 20% fetal bovine serum (Hazleton, U.S.A.), 100 U of penicillin per ml and 100 jug of streptomycin (GIBCO) per ml in a culture flask at 37°C and in 5%CO2. Whenthe cells becamecon fluent, passage wasrepeated after treatment with 0.1,% trypsin/1 mMethylene diamine tetraacetate (EDTA:
GIBCO). The cells were counted for each passage by means of and electric Coulter counter (Coulter Electronics Ltd., England), and the cell division age (cumulative population doubling; CPD) was determined. The cells were found to be arranged like a cobblestone pavement in a single layer. These cells proved to be endothelial cells judging from the presence of blood coagulation factor VHI-related antigen revealed by the fluorescent antibody technique (26) or the intake of denatured lipoprotein of low specific gravity (32) . The cells of 10 to 30 generations of CPDwere used in this experiment. The smooth muscle layers of the tunica intima and the tunica media of the fetal bovine descending aorta from which endothelial cells were removedwere separated with forceps under a stereoscopic microscope. Small tissue fragments (2 mm)were prepared and subjected to primary culture in a culture flask with Ml99 medium containing 10% fetal bovine serum, 100 U of penicillin per ml and 100jug of streptomycin per ml. Ten to 14 days later, the specimens were passaged after treatment with 0.1% trypsin/1 mMEDTA. Passage was repeated whenever the cells becamecon fluent. Whenthey became con fluent, they overlapped one another, exhibiting a so-called "hill and valley" structure. CPD was calculated as for endothelial cells. The cells of 4 to 16 generations of CPD were used in this experiment.
Rotary-disc shear-stress-loading device. We produced a device ( Fig. 1 ) for testing the in vitro loading of shear stress on cultured endothelial cells (21) . The device allows the onset of circular reflux of the culture mediumby dipping the stainlesssteel disc in the mediumin a dish and rotating the disc with a motor, and leads to loading of a constant level of shear stress on the cultured endothelial cells adhering to the bottom of the dish. Shear-stress-loaded (r) is counted by the following formula:
where r is shear stress (dynes/cm2), ju is viscosity of culture medium (poise), r is distance (cm) from the center of the dish, a) is angle velocity of rotation of the disc (rad/s), and d is the interval (cm) between the dish and disc.
Assumingthat the viscosity of the culture mediumis 0.012 poise, the interval between the dish and disc is 0.15 cm and the speed of rotation is 60 per minute, the shear stress loaded on the cells in the dish would be 0-3.5 dynes/cm2. The Reynold's number (14) under these conditions would be about 10, and the flow of the culture mediummay be regarded as laminar flow.
Preparation of specimens (conditioned medium and homogenate). Endothelial cells were cultured in a dish 15 cm in diameter, and whenthe cells becamecon fluent, shear stress of 0-3.5 dynes/cm2 was produced with the device described above. Onthe other hand, cells as static control were prepared by leaving the dish containing the cells in an incubator without shear loading. Three types of culture mediumwere used in the experiment of cell growth: Ml99 medium to which no fetal bovine serum (FBS) was added (serum-free), the medium containing 2.5% FBS, and the medium containing 20% FBS.
As for the serum-free medium,0.1% bovine serum albumin (BSA: Sigma, USA)was added. For experiments on adhesion, growth and collagen and an experiment on migration, the cells were exposed to shear stress for 24 and 48 hours, respectively, and then the conditioned mediumwas recovered from the dish. After the medium was passed through a 0.2-mm filter, it was stored at -70°C until use. serum-free Ml99 mediumwas added to each well. The plate was kept in a CO2incubator for 3 hours, the solution in the wells was discarded and the cell layer was washed in PBS twice. Then the cells were separated with 0.25% trypsin and 1 mMEDTAsolution, and the number of adhering cells was determined with a Coulter counter. The effects of the three specimens on cell adhesion were determined by using the ratio of cells adhering in 3 hours to implanted cells as an index. Determination of the ability ofendothelial and smooth muscle cells to grow. The above-mentioned three types of culture mediumwere used in this experiment. The endothelial cells or smooth muscle cells in the conditioned mediumand honiogenate were adjusted to 1.74 x 104 per ml, and 2 ml each of the cell suspension was mixed by pipetting several times and transferred to 12 wells (base area, 4. 15 cm2) for each specimen. Endothelial cells were separated 1, 3, 5 and 7 days after the transfer, and smooth muscle cells 1, 3, 6 and 8 days after the transfer, with 0.25% trypsin and 1 mMEDTAsolution. The cell count in each well was determined with a Coulter counter. By plotting changes in the cell count along the longitudinal axis and the number of culture days along the horizontal axis, cell growth curves were prepared, and the effect of each specimen on cell growth was determined. Determination of the ability of smooth muscle cells to migrate. After the smooth muscle cells passaged in T75-flasks were left standing in an incubator for 12-18 hours, the medium was discarded and the cells were washed with ice-cold PBSthree times. The cells were separated with 3 ml of 0.01% trypsin/1 mMEDTAsolution, and 10 ml of 0.1% trypsin inhibitor (Sigma)/0.1% BSA-M199solution was added to the cells. After being stirred, the mixture was centrifuged. The supernatant was discarded, and 0.1% BSA-M199solution was added. After the mixture was stirred, it was centrifuged and a suspension of 0.5-1.5 x 105 cells/ml was prepared using the medium containing 20% FBS. The ability of the cells to migrate was determined by using a modified Boyden chamber (ll, 20) which contained a filter with pores (diameter, 8/mi; Nihon Millipore Kogyo K.K., Japan) as a partition between the upper and lower halves. The medium containing 20% FBS was used in this experiment. A specimen, the conditioned medium, and the homogenate or new medium (0.9 ml each) were added to the lower half, and 1 ml of the above-described smooth muscle cell suspension was added to the upper half. After the chamberwas incubated for 8 hours at 37°C in 5% CO2, the filter was removed and the contents were fixed in 95% ethanol, after which hematoxylin staining was performed. Migrating cells were observed under high magnification (x 400) by an inverted phase-contrast microscope (Nikon, Japan). The presence or absence of pseudopodia of the cell 30jum below the filter surface was determined by precisely changing the focus of the microscope. The cells with pseudopodia were regarded as migrated cells. Ltd., Japan). Subsequently, it was frozen and dried, and lowmolecular amino acids and pigment were removed by using Sephadex G-25 Mcolumns (Pharmacia, Sweden). The resultant material was frozen and dried, and used as the specimen. After recovery of the medium,the cell surface on the bottom of the dish was washed with PBS twice, and then the cells were separated with a cell scraper and collected with distilled water. The cells were frozen and dried as for the cell layer specimen. The specimens were transferred to test tubes, 6 N hydrochloric acid with a constant boilign point was added to the specimens, and the mixture was hydrolyzed at 110°C for 24 hours after sealing of the test tubes. Hydrochloric acid was removed with an evaporator, and the resultant material was dissolved in distilled water and used as the specimen. Changes in the collagen content of these specimenswere evaluated by determining the hydroxyproline level of the collagen molecule. Colorimetric determination of hydroxyproline was performed at a wavelength of 555 nm according to Woessner's method (34): 0.05 M chloramine T/methyl cellosolve/citric acid-acetic acid buffer (Wako Pure Chemical Industries, Ltd. , Osaka, Japan) was added to a test tube containing a standard, L-hydroxyproline (Wako Pure Chemical Industries) solution and the specimen, and the mixture was left standing for 20 minutes; 3.15 Mperchloric acid (Wako Pure Chemical Industries) was added and the mixture was left for 5 minutes; 20% /7-dimethylaminobenzaldehyde/methyl cellosolve (Wako Pure Chemical Industries) was added and the mixture was heated at 60°C for 20 minutes for color development. Statistics. The resulting data were compared between the static controls and cultures exposed to shear stress. Analysis of variance (ANOVA)and the Bonferroni modification of the /-test were used to determine the significance of differences between groups. The paired Mest was applied to compare results obtained from the same endothelial cells. Differences were considered to be significant at a/7-value of less than 0.05. Figure 2 shows phase-contrast micrographs of endothelial cells before and after exposure to a shear stress of 0-3.5 dynes/cm for 24 hours. There were no marked changes in morphology after the loading. There was no indication of cellular vacuolation or separation. Figure 4 , while the rates for conditioned media from the static and shear-loaded cultures were 92.3±8.4% and 81.5±5.2%, respectively, which were significantly higher than the 32.6± 15.0% for the control medium. There was no significant difference in the ratio between the media from static and shear-loaded cultures. Figure 5 shows phase-contrast micrographs of smooth muscle cells 3 hours after seed- ing of the cells into the wells precoated with control medium (M) and conditioned medium (CM). The rate of adhesion was distinctly high with the conditioned medium. These results suggested the existence of substances which enhance adhesion of smooth muscle cells in the conditioned medium of endothelial cells.
RESULTS
Effects on cell growth. Figure 6 shows growth curves of endothelial cells at various serum levels. The growth curve with the control mediumshowed a decrease in the number of disseminated cells without serum (serum-free). When2.5% serum was added, the cells showed growth one day after dissemination, but thereafter the curve becameflat. The cells showednormal growth with 20% serum, and even 7 days after dissemination the cell count continued to increase. There was no difference in the effect on these growth curves between Mand CMregardless of whether the condition was static or shear-stressed. Thus, these media yielded similar growth curves. Figure 7 shows growth curves of smooth muscle cells at various serum levels. The growth curves with serumfree mediumshowed a decrease in cell count after dissemination. The cells showed no growth with 2.5% serum and the curve became flat. With 20% serum, on the other hand, the cells showed normal growth. Compared with that for the control medium, growth curves for the conditioned mediumwere distinctly shifted upward. The stimulative effect on growth was not affected by any difference in the serum content of the culture medium. There was no distinct difference between the conditioned media of the static and shear-loaded cultures. (days) (days) Effects of the endothelial cell conditioned mediumon the growth curves of smooth muscle cells at various serum levels.
the production of factors that stimulate adhesion and growth of smooth muscle cells or endothelial cells was considered not to be affected by shear stress. Effects on migration of smooth muscle cells. Figure  8 shows photographs taken after hematoxylin staining of smooth muscle cells which adhered to the filter in the Boyden chamber and migrated. Using the ratio of the cells with emerging pseudopodia to the cells adhering to the filter surface (migrated cell/attached cell ratio) as an index, we studied the effects of conditioned medium and homogenate on migration of smooth muscle cells (Fig. 9) . The ratio of migrated cells with the 20% serum-containing mediumwas higher than that in the serum-free medium, suggesting the existence of stimulative factors for migration of smooth muscle cells in the serum. There was no difference in the stimulative effect on migration between the mediumwith serum and the conditioned mediumof the endothelial cells with serum. There was no difference in the effect between the conditioned media from static and shear-loaded cultures. The rates of migration were 38.1±21.6% and 62.3±15.3% for the homogenates from static and shear-loaded cultures, respectively, suggesting that the stimulative effect of the homogenate from shear-loaded cultures on migration of smooth muscle cells was greater than that of the homogenate from static cultures. This difference was statistically (P <0.05) significant, suggesting the possibility that the exposure of endothelial cells to shear stress triggers the production of factors that stimulate migration of smooth muscle cells in the cells.
Effects on production and secretion ofcollagen ofendothelial cells. Figure 10 These results indicate that the level of collagen on the cell membrane of or within the cell of endothelial cells is increased by shear stress.
DISCUSSION
According to some recent reports, when cultured endothelial cells are subjected to fluid shear stress, the cells begin to be arranged with the long axis oriented in the direction of the fluid shear stress (4), while micro filaments in the cells increase (7). Furthermore, some investigations have shown that shear stress exerts strong effects on endothelial function; it increases the production of vascular agonists such as EDRF (25), prostacyclin (6) and histamine (23) and enhances the ability of the endothelium to migrate and to grow (1). As stated above, endothelial cells have been suggested to alter their morphology and function in response to the physical stimulus of shear stress. However, final physiological effects of the shear-induced changes in endothelial cell functions on endothelial cells themselves and smooth muscle cells have not been adequately revealed.
In the present experiment the conditioned mediumand homogenatewere used as the specimens, because endothelial cells produce verious substances with bioactivity and secrete them as a result of a change in the endothelial cell function due to shear stress, and they are considered to be present in the conditioned medium and homogenate. Therefore, the physiological significance teins such as collagen, fibronectin and laminin (16, 17), they may be present in the conditioned medium of endothelial cells and may have enhanced smooth muscle cell adhesion. On the other hand, the conditioned medium did not affect adhesion of endothelial cells themselves. This suggested the possibility that the number of endothelial cell receptors for the adhesive proteins which accelerated smooth muscle cell adhesion was small. Some studies have shown that culture of the smooth muscle with the conditioned mediumof endothelial cells enhances production of extracellular matrices of the smooth muscle (3, 27) . It is also possible that the conditioned mediumof the endothelial cells stimulates production of extracellular matrices of the smooth muscle cells as a factor other than the adherent proteins directly produced by the endothelial cells. The conditioned mediumof endothelial cells exerted an accelerating effect on smooth muscle cell growth, but did not affect proliferation of the endothelial cells themselves. The vascular endothelial cell is believed to produce manygrowth factors such as endothelial cell-derived growth factor (EDGF) (8), PDGF-like substances (5) and fibroblast growth factor (FGF) (2). All of these endothelium-derived growth factors stimulate growth of smooth muscle cells. Endothelial cells, in contrast, do not react to these factors except for FGF, probably because of the difference in the reaction to the growth factors among the types of cells; e.g., the endothelial cell has no specific receptor for PDGF and therefore does not react to PDGF. It still remains unclear in the present study which one of these growth factors is mainly responsible for the stimulative effect of the conditioned medium of endothelial cells on smooth muscle cell proliferation or whether or not substances other than these known growth factors are involved in the effect. These points seem important and should be studied in the future.
Migration of smoothmuscle cells occurs in the process of the development of early lesions of atherosclerosis, and it is known that platelets (18, 31), particularly arachidonic acid metabolites (12-HETE, etc.) released upon platelet coagulation (19), PDGF(1 1) or extracellular matrices (22) act as an accelerator for migration.
The homogenate of endothelial cells exposed to shear stress exerted a marked stimulative effect on migration. Vascular endothelium secretes PGI2 (prostacyclin), 12-HETEand so on, which are arachidonic acid metabolites, and one study has shown that prostacyclin production is increased by shear stress (6). Therefore, the stimulative effect on migration observed in the present by the conditioned medium, probably because migration-stimulating factor would be retained in the cells which would have led to no secretion into the medium or because dilution with the medium would have led to no exertion of a migration-stimulating effect. Extracellular matrices are composed of collagens, proteoglycans, and glycoproteins, showing a filamentous structure as a result of their assembly. Some studies have shownthat the matrices are greatly involved in the important cell functions including cell adhesion, migration and growth, simultaneously with the organization of the cell superficial layer (9, 10, 24). The present experiment revealed that endothelial cells produce collagen, and that this function is enhanced by shear stress. Weoccasionally observed that, although a majority of the static control endothelial cells were separated when they were cultured with serum-free culture medium, the cells subjected to shear stress were not separated but adhered to the bottom of the dish. We also observed that the shear-loaded cells were resistant to trypsin treatment, and that it took a long time for separation of the cells. Thus, attachment of endothelial cells was often increased by shear stress. The results of the present experiment suggest the possibility that the hyperproduction of the adherent factor (collagen) due to shear stress would be involved in the phenomenamentioned above. The amount of collagen was increased in the cell layer exposed to shear stress, but there was no difference in the amountwhenthe mediumwas used, probably because no collagen was secreted into the medium due to the 24-hour loading, or retained in the cells, or because it was secreted among the cells and downwardfrom the cells. The existence of polarity in the direction of such secretion was shown by Shasby et aL (28) , as reflected by prostacyclin secretion upon stimulation of endothelial cells with calcium ionophore. Collagen possesses the property of forming inter-and intramolecular crosslinks whenit is secreted, and it is precipitated around the cells. The soluble type of collagen may not have been increased by shear stress. There are many types of collagen, and vascular endothelial cells produce mainly tupes I, III and VIII, in addition to types IV and V (16, 17) . Type-V collagen in particular is considered to be present in large amounts in the cells and to play an important role as the adherent factor of endothelial cells. It is therefore considered necessary in the future to determine by shear loading, by electrophoresis after intake of 3H-proline or by the histochemical method using specific antibodies according to the type, what type of collagen will show an increase due to shear stress in the production.
